Keywords: material constitutive model, projectile impact, finite element method. Abstract. In this paper a study is presented on the numerical analysis of the failure process of aluminium armour plate subjected to normal impact by hemispherical projectiles. The perforation process has been simulated by the application of 3D analysis using IMPACT dynamic FE program suite. The comparison on the elements size of meshing towards failure mode was observed and evaluated. The material behaviour of the target plate was approximated by an appropriate constitutive relation. The study covered different size of meshing element on target plate as well as different level of impact velocities. Different failure modes for each case were found. For low speed impact condition a petalling was observed, whereas for high speed impact a radial neck along with a holes enlargement was observed with better and uniform perforation mode. The deformation and failure mode of the impacted target plate will be given special attention in this investigation.
Introduction
The response of materials under dynamic loading has a considerable interest especially involving the perforation and penetration resulting from the impact of non-deformable projectiles and metallic plate. A relevant amount of publications can be found in the international literature dealing with high strain rate behaviour of metallic materials related with different engineering applications [1, 2, 3] . The failure mode seems to be strongly dependent on the impact velocity. The influence of the impact velocity on the failure mode during Taylor tests performed with Weldox 460 E steel cylinders have been implemented by Teng et al. [4] . At relatively low impact velocity no external cracks appeared in the specimen impacted. On the contrary, for high initial impact velocity it was observed the formation of several radial cracks. They were rapidly propagated causing formation of petals. The study about the perforation of steel and aluminium plates impacted by various shape of projectile has been performed by many researchers [5, 6, 7] . The numerical results show good correlation with the experimental results and able to emulate failure characteristics of the steel and aluminium plates.
In this investigation, the analysis of process requires the following assumptions: (a) The amount of energy absorbed by the projectile is neglected, (b) The projectile move with the same velocity after the initiation of perforation, (c) The plastic deformation is taken into account in the target plate while elastic deformation is neglected. The current paper presents the results of numerical investigation undertaken to study the perforation process of different size of meshing elements of target plate and projectile impact at different velocity. The perforation capabilities of hemispherical projectile against constraints plates were explored for an efficient damage of failure modes numerically.
Simulation Modelling Finite element model
The proposed finite element model of projectiles and target plates are shown in Fig. 1 . The projectile has the diameter of 10 mm while target plate has the dimension of 100 mm x 100 mm x 2 mm. Both projectiles and target plate is modelled using finite element pre-processor GiD with IMPACT interface module. The plate is constrained at the edges and subjected to impact by hemispherical nose shape of projectile at different velocities. The projectile is modelled as contact triangle (CT) elements. Both the target plate and the projectiles are modelled in full so as to be able to simulate the failure mode in target plate from the point of impact towards the constraints edge and back. A 3D finite element model for the simulation of the penetration process was developed in IMPACT explicit finite element program suite. The ability of the application programs in dealing with contact algorithms provide a powerful platform to simulate several types of armour target subjected to the impact of projectiles moving at various velocities [8] . The target plate is considered as deformable body and represented by the element mesh defined by triangle elements with the element mesh generated equal to 4, 2 and 1 while the projectile is assumed as a rigid body with contact triangle element. The elements, name as SHELL _C0_3 is three node shell elements based on the classical C0 formulation by Belytschko et al. [9] . Aluminium 2024 T3 is used as a material model of target plate and the material properties is shown in Table 1 . 
Constitutive Relation
A theory of contact deformation can be used to relate normal contact force to deformation and subsequently to relate deformation to work done on the contact region by the normal force of colliding bodies. In this research, a rigid 3-dimensional of hemispherical projectile colliding against an elastic-plastic target plate and a nonlinear explicit 3-dimensional finite element program, IMPACT used to analyze the problem. In the elastic-plastic contact, the transition between perfectly-elastic and fully-plastic behaviour can be based on the stress field due to expansion of a cylindrical or spherical cavity in an elastic-plastic solid [10] . The half-space contains a hydrostatic core of radius a that is surrounded by a cylindrical elastic-plastic shell of outer radius which is centred at the initial point of contact. By performing an appropriate analysis, the mean contact pressure is obtained for the cylindrical cavity model as √ where p is the mean or average contact pressure, σ y is the yield stress, E is the Young's Modulus, a is the contact patch and R is the radius of curvature. Through the process of substitution and evaluation on equation (1), the normal force F and the compliance relation for the elastic-plastic indentation during compressive stage of impact may be expressed as
The Lagrangian formulation is adopted to formulate the material constitutive relationship for dynamical characterization and deformation of target plate.
Failure criterion
The application of failure criterion on the material deformation behaviour is widely accepted in the analysis of metallic structure subject to dynamic loading [3] . The material failure is defined by a constant value of the equivalent plastic strain. Since the target is very thin, the stress field across the thickness of the plate is nearly constant during the perforation process where the pressure along the projectile and plate interaction is constant. The value of failure strain adopted in the simulations, f = 0.50, which is estimated from the experimental observations of the material deformation behaviour. This value is slightly higher than the corresponding to the necking strain under dynamic loading [3] . The process of strain localization and necking formation that cause perforation of target plate is sufficiently defines in the finite element simulation.
Result and Discussion
There are several parameters affect the deformation and penetration of aluminium target plate when subjected to the impact by a projectile. Some of these parameters are the effect of mesh size, velocity impact, petalling process and holes enlargement effect.
Effect of Mesh Size
The configuration of deformation patterns and failure mode at v = 100 m/s is shown in Fig. 2 . The control simulation time is between 0.000 ms to 1.000 ms (millisecond). The exit projectile image in Fig. 2(a) , 2(b) and 2(c) occurs at time step, t = 0.600 ms. In Fig. 2(a) , the image of perforated thin plate (shell) shows deletion of two elements since the size of elements generated is equal to 4 and only one petal observed. This is due to the large size of elements mesh selected and thus it does not representing required failure mode as what is obtained in the experimental analysis. Fig. 2(b) and 2(c) with the element mesh size of target plate equal to 2 and 1 yields better failure modes.. The target shape after impact shows an appearance of four symmetric petals and the optimum failure mode obtained by Fig. 2(c) with the mesh size of 1 and the result is in good agreement with experimental results by Rusinek et al. [11] . 
Effect of Impact Velocity
Petal Formation -The next parts of the papers are detailed analysis of impact and deformation at different level of velocity towards target behaviour. Fig. 3 shows the failure mode yield through the penetration process of projectile towards thin aluminium target plate. At velocity of 30 m/s and
600
Advances in Mechanical, Materials and Manufacturing Engineering impact velocity (>300 m/s), the number of radial crack increases with the impact velocity and the failure mode induced by necking that appears in this situation reduces the size of the petals. This phenomenon is induced by the increase of circumferential strain level responsible of the crack initiation and progression [11, 12] . This is caused by the increase of the kinetic energy transferred to the material of the target when the impact velocity increases. It is observed explicitly that the impacted surface produce split pieces of shell due to the increase of force level. 
Comparison and Discussion
Comparison with others numerical and experimental results was done in order to validate the accuracy and reliability of the results obtained using Impact software. Rusinek et al. [11] study the failure mode of mild steel sheets experimentally and numerically as shown in Fig. 7 (a) and 7(b). The analysis was done using the same dimensions of target plate (circular shape) with the diameter of 50 mm and thickness 0.8 mm while the diameter of hemispherical projectile is 22 mm as shown in Fig. 7(c) . Fig. 7(d) indicates the actual profile of failure mode for rigid body projectile impacting square target plate at the velocity of 40 m/s. The result shows that formations of petals at the velocity of 40 m/s for hemispherical projectiles are in good agreement with numerical results of IMPACT, ABAQUS Explicit and experimental results. 
Conclusion
An aluminium target plate at different size of element meshing was impacted by hemispherical projectiles of 10 mm diameter at various impact velocities. The influence of size of element mesh and impact velocity on the deformation and ballistic behaviour were studied. Based on the numerical observations, the following conclusions are drawn:
• The profile of perforated target plate shows undesirable deletion of elements for the size of element meshing equal to 4 (coarse). The large size of elements meshing is not capable of representing the actual perforation pattern as what is obtained in experimental results. Anyhow for the smaller size of elements meshing such as 2 and 1, the deformation and perforation patterns provide better failure mode and agreed with experimental work. • At low speed impact the force level is reduced and the mean strain rate decreases. The impacted surface generates large deformation before penetration occurs and it also contributes to the formation of non uniformity of petals in terms of its shape. At high speed impact especially at velocity, v > 300 m/s, the deformation of plate decreases with the increase of the impact velocity and it also generate the holes expansion process. It can be concluded that the model succeeds in defining failure mechanisms associated with the configuration of projectile -target. This reinforces the hypothesis regarding the applicability of the failure criterion to capture the main aspects of the perforation process of target plate impacted by hemispherical projectile.
